A new prototype of the Fish Bone Active Camber morphing concept has been built and subjected to a range of structural characterization tests. This new test model is based on a 508 mm chord OA212 airfoil with a compliant morphing portion located between 75 and 90% of the chord. This model includes a tensioned antagonistic tendon drive system to convert actuation torques into bending moments on the trailing edge. In order to validate the low-fidelity EulerBernoulli beam theory structural model developed for the concept, a series of benchtop tests were performed. Laser displacement sensor scans of the chordwise distribution of morphing deformation under a range of torques are shown to provide excellent agreement with model predictions for both upwards and downwards camber morphs. Experimentally measured actuation torque and energy requirements also show good agreement with analytical results. Finally, the ability of the tendon drive system coupled with a non-backdriveable mechanism to increase the resistance of the structure to external loading without increasing actuation requirements has been experimentally shown for the first time, with the tendons providing a 35% increase in stiffness under external loading with no measurable increase in actuation requirements.
I. Introduction HE Fish Bone Active Camber (FishBAC) morphing airfoil concept provides a novel means of generating large, bidirectional changes in airfoil camber. Introduced by Woods and Friswell 1 , this concept employs a biologically inspired compliant structure to create large, continuous changes in airfoil camber and section aerodynamic properties. The structure, shown schematically in Figure 1 , consists of a thin chordwise bending beam spine with stringers branching off to connect to a pre-tensioned Elastomeric Matrix Composite (EMC) skin surface. Both core and skin are designed to exhibit near-zero Poisson"s ratio in the spanwise direction. Pre-tensioning the skin significantly increases the out-of-plane stiffness and eliminates buckling when morphing. Smooth, continuous bending deflections are driven by a high stiffness, antagonistic tendon system. Actuators mounted in the non-morphing portion of the airfoil drive a tendon spooling pulley through a nonbackdrivable mechanism (such as a low lead angle worm and worm gear). Rotation of the pulley creates equal but opposite deflections of the tendons. These differential displacements generate a bending moment on the rigid trailing edge strip, which then induces bending of the trailing edge morphing structure to create large changes in airfoil camber. Since the tendon system is non-backdrivable, no actuation energy is required to hold the deflected position of the structure, reducing control action and power requirements. Furthermore, the automatic locking action of the non-backdrivable mechanism is intended to allow the stiffness of the tendons to contribute significantly to the chordwise bending stiffness of the trailing edge under aerodynamic load, without increasing the amount of energy required to deflect the structure.
Figure 1. Fish Bone Active Camber concept
This concept has been under development for almost two years and a number of publications have looked at a range of aspects of the design and analysis of the FishBAC. The initial paper 1 introduced the concept, discussed its biological inspiration, argued the benefits of its highly anisotropic compliant structure, and proposed its use for both leading and trailing edge devices across a range of platforms, including fixed wing, rotating wing, wind turbines, tidal stream turbines, and other aero and hydrodynamic devices. Follow on work investigated the relative aerodynamic performance of the smooth, continuous changes in camber achieved to those of a traditional trailing edge flap. 2 Wind tunnel testing showed a 20-25% reduction in drag with the FishBAC at matched lift conditions, even for a minimal drag flap with sealed gap and no aerodynamic overhang or exposed linkages. This prototype was actuated with a servo motor, but only had a single driving tendon due to the inability to implement a tensioning mechanism, and so was not capable of bidirectional motion. While restricted to one-directional camber changes, it still showed a large range of motion and was capable of generating a change in lift coefficient of ΔC l = 0.72, providing significant control authority.
The results of the wind tunnel testing provided sufficient motivation to pursue the concept further, leading to the development of a strongly coupled, partitioned fluid-structure interaction (FSI) analysis which coupled a low fidelity euler-bernoulli beam theory based structural model to the XFOIL viscous panel method aerodynamic solver. 3 This analysis also coupled in the effects of the tendon driving system, allowing for prediction of actuation requirements. The ability of the structural code to predict the stiffness of the compliant core and the core with skin attached was shown, 4 although again the prototype tested did not include the antagonistic tendon drive system. A multi-objective genetic algorithm optimizer was then wrapped around this FSI analysis to allow for optimization of the FishBAC geometry and material properties to achieve maximum lift to drag ratio with minimum added mass and minimum actuation energy requirements at a given design condition. 5 An actuation system for the FishBAC is under development which combines pneumatic artificial muscle actuators with a tailored kinematics spiral spooling pulley system to increase performance and efficiency. 6 Other work has investigated the use of curvilinear composites 7 and elastomer coated composite corrugations for the skin surface. The FishBAC prototypes built to date are shown in Figure 2 . Both are NACA 0012 airfoils of 305 mm chord with a start point of morphing, x s , at a non-dimensional chord of 35% (x s = 0.35). In order to better understand the design space available, this work looks at the possibility of using a smaller portion of the chord than previous FishBAC prototypes. The start point of morphing considered here was 75% chord (x e = 0.75). Given that some portion of the trailing edge must also be rigid, in this case 10% (x e = 0.9), this leaves considerably less chord length available over which to achieve the desired camber changes, as can be seen by comparing Figure 1 to Figure 2 . This therefore implies larger spine deflections are required relative to its length, and that the skin must experience larger strains.
While both the structural model and aerodynamic components of the FSI analysis predict good performance even with the reduced chord available (albeit with some reduction in lift to drag ratio and an increase in actuation torque and energy required), it is important to show that the analysis methods are still valid given the more aggressive changes in camber.
The amount of chord available for morphing is a very important design variable for the FishBAC concept, and so must be well modeled and understood. Changing the percent chord available creates significant tradeoffs in the design of both the local FishBAC compliant mechanism and the global wing/blade structure. The most immediate of these is a tradeoff in the amount of "rigid" structure retained (by minimizing FishBAC percent chord) versus the aerodynamic benefit of the FishBAC over a traditional flapped airfoil (which increases with increasing percent chord). There are other important considerations that go into choosing the amount of chord available for the FishBAC, many of which are dependent on such factors as scale, dynamic pressure loading, and Reynold"s number. There are also other application specific factors, for example with the centrifugal loading seen in rotating wing applications. Therefore, choosing the amount of chord available for the morphing requires optimization and a careful balance of system and component level design. It is outside the scope of this present work to tackle that design problem in its entirety (although optimization work on the FishBAC is ongoing) 5 , instead the intention is to investigate the effects of choosing a percent chord towards the minimum end of what is practically achievable. The ability of the design and analysis methods to cope with the more aggressive changes in camber, and larger spine and skin deflections which result is of primary interest.
A. Objectives of Current Work
Given the work done to date on the FishBAC concept and the structural changes introduced with the prototype developed here, the objectives of this work are focused on exploring the structural performance of this demonstrator and validating the modeling tools which have been developed.
The ability of the structural model to predict the stiffness and deformed shape of these shorter, more aggressively deformed compliant spine and stringer cores will be investigated. The amount of actuation energy required to overcome the structural stiffness will also be examined.
The inclusion for the first time of a tensioned antagonistic tendon system into this prototype allows for its efficacy to be experimentally measured. The extent to which any friction present where the tendons slide through the stringers affects actuation requirements is of interest. The kinematics derived to relate actuation torques and rotations to the generation of bending moments on the FishBAC are as of yet unvalidated. Finally, the efficacy of combining the tendon drive system with a non-backdriveable mechanism has yet to be shown experimentally. This work will therefore attempt to show an increase in stiffness of the FishBAC under external loading provided by locking the inboard ends of the tendons through fixing of the spooling pulley. If it can also be shown that the tendons do not significantly increase the actuation stiffness or energy requirements of structure, then the concept will be shown to provide a means of addressing one of the fundamental issues related to morphing aircraft; the simultaneous and conflicting desire for both low and high structural stiffness. Low stiffness reduces actuation requirements and structural stresses, thereby minimizing actuator mass and energy/power requirements. However, low stiffness can cause excessive displacement under time varying aerodynamic and inertial loads, leading to aeroelastic flutter, poor control response and other related problems. The intention of coupling the antagonistic tendon drive system to a non-backdriveable mechanism is to create a locked tendon case where the resistance to external loads is increased with no negative impact on the underlying actuation requirements for morphing.
II. Structural Model
This section introduces the low fidelity, Euler Bernoulli (EB) beam theory structural model which has been developed for the FishBAC. This model allows for very quick analysis of design configurations and for parameter driven modifications to the geometry and loading. Since the derivation and validation of this model is the subject of previous work, 3 the basic approach will just be outlined. The low fidelity structural model is analytical and derived from Euler-Bernoulli beam theory. The low chordwise bending stiffness and high length-to-thickness ratio of the bending spine, low in-plane stiffness of the skin, and the continuous loading along the span make Euler-Bernoulli theory a good initial approximation for analysis. Furthermore, the high stiffness stringers branching off from the spine help to enforce the "plane sections remain plane and normal to the neutral axis" assumption which underlies the derivation of EulerBernoulli beam theory. 9 The relationship between net aerodynamic pressure, p, flexural rigidity, EI, and vertical displacement, w, is given by the Euler-Bernoulli beam equation:
The bending deflections of the morphing structure are found by integrating the aerodynamic pressure distribution in Equation (1) to find shear distribution, integrating that to find moment distribution, integrating again to find the distribution of slope, and then integrating one final time to find the deflection of the neutral axis.
The bending moment produced by the tendons is included into the integration of the Euler-Bernoulli equations. Since the strain, and therefore force, in the tendons depends on the amount of deformation in the spine the solution must be iterated until convergence. The known thickness distribution for the OA212 airfoil used is then superimposed onto the spine, producing the net airfoil shape. Figure 3 shows an example of the deformed airfoil shapes predicted by the structural model. The flexural rigidity (EI) distribution of the FishBAC structure is formulated as a linear superposition of its components in this analysis. As described in further detail elsewhere, 3 the flexural rigidity of the various FishBAC components are calculated individually then summed along the chord.
III. Test Article Construction
In order to fulfill the objectives of this paper concerning mechanical properties of the FishBAC concept it was necessary to build a prototype test article of the new configuration. While a full scale chord and realistic airfoil for rotorcraft applications (OA212) were used, the initial prototype has a span of 15 cm to simplify construction. This short span section could represent either a single independent module on a highly modularized approach to the FishBAC, or merely a small portion of a larger spanwise continuous FishBAC. The finished test article can be seen in Figure 4 .
Figure 4. Completed FishBAC test article
This test article was made by taking advantage of commercially available products and rapid prototyping methods where possible. The leading edge section is a single piece of selective laser sintering (SLS) printed Nylon. The core of the FishBAC is fused deposition modeling (FDM) printed ABS plastic. The tendon spooling pulley and its mounting bracket are also printed ABS, while the drive shaft, anchoring plates, bearings and assembly hardware are all either aluminum or stainless steel.
The compliant spine, the stringers, and the rigid portions of the airfoil to which the spine and skin attach were printed as a single component, removing the need for mounting brackets or other connecting hardware. While the bending spine extends from x s = 0.75 to x e = 0.9, giving it a chordwise length of 76.2 mm, the skin extends 15 mm further in each direction to allow for bonding to the rigid portions of the airfoil, as seen in Figure  5 . The thickness of the spine is 1.02 mm. There are five evenly space stingers with a thickness of 1.02 mm which have 3 mm wide skin bonding flanges at their upper and lower extents. These flanges provide sufficient contact area to allow for effective bonding of the skin to the compliant core.
This test article included for the first time a tensioned antagonistic pair of tendons. These tendons were made from 0.5 mm dry Kevlar fibers coated with thin layer of Kapton polyimide film to reduce stringer/tendon interface friction and to increase abrasion resistance. By using dry fibers, as opposed to a composite with plastic matrix, the Kevlar is able to spool and unspool around the 17.2 mm diameter spooling pulley with minimal internal stresses. The attachment point between the tendons and spooling pulley included provision for tensioning the tendons, which is desirable with any cable or tendon system to remove the initial non-linearities in stiffness due to slack. This is also done to ensure that both tendons contribute to the stiffness of the drive system by removing the possibility of tendons going slack during actuation. Unlike previous FishBAC prototypes which have employed unidirectional elastomeric matrix composites (EMC) made from carbon fibers embedded in a silicone matrix, 2 the skin of this test article was made from pure silicone elastomer. With a Poisson"s ratio of effectively zero, unidirectional EMCs were included in the original concept and in previous prototypes as a means to ensure that spanwise necking-in did not occur between stringers during chordwise deflection. Substituting the simpler pure elastomer skin in this case did not have any immediately apparent drawbacks. Indeed, the close spacing of the support stingers, large spanwise aspect ratio of the unsupported skin panels (even in this example which has a rather short spanwise length) and the moderate range of strains through which the skin cycles were found to significantly mitigate any Poisson"s ratio effects, with no noticeable necking in occurring over the full range of camber morphs achieved. Which skin material is ultimately more appropriate deserves further study, and may in fact be application dependent, as there may be benefits in terms of out-of-plane stiffness, fatigue, and spanwise load carrying ability that have not yet been fully explored. For example, if used in rotorcraft blades, the spanwise load carrying capability of the carbon fibers would be expected to significantly increase the resistance of the skin to centrifugal loading.
The silicone skin was made from commercially available sheets of silicone rubber with a thickness of 1.5 mm and a durometer of 60 Shore A. The upper and lower panels were bonded to the compliant core under tension using a heat cure, platinum catalyst, silicone adhesive. Mechanical abrasion and chemical primer etching were applied to the plastic substrate before bonding to increase the shear and peel strength of the resulting joint. An initial pre-strain of 10% was applied to the skin before bonding to create the desired pretension which increases skin out-of-plane stiffness and eliminates skin surface buckling under actuation. The amount of pre-strain applied was chosen by using the structural model to determine the maximum compressive strains seen in the skin under morphing, and then adding a small margin to ensure that some tension was retained even in the largest morphing case.
The tendon spooling pulley is fitted with a bearing mounted shaft which extends out past the end of the test section to allow for the mounting of various means of torque application. It can be fitted with a small handle for hand actuation (for demonstration purposes), a metal pulley for application of torque loads, or it can be clamped to create a locked tendon case, simulating a non-backdriveable mechanism.
IV. Mechanical Characterization Testing and Results
The various forms of experimental characterization carried out on the test article will be detailed here, along with a comparison of the experimental results to analytical predictions using the analytical structural model discussed in the Section II. The objectives of this testing were to gain a better understanding of the stiffness behavior of the compliant morphing structure and to investigate various aspects of the antagonistic tendon drive system, which to date has not been tested; including their efficacy at transferring actuation torques into bending moments, the impact of the locked tendon case on external stiffness, and whether frictional losses would be significant. Furthermore, the actuation requirements to achieve the morphed shape are of significant interest, and so the torque versus rotation and energy required versus rotation will be measured and compared to analysis. Note that this testing was performed without aerodynamic loading applied, as it is the baseline performance of the structural components which is under investigation here. Aerodynamic testing on this configuration will be forthcoming.
A. Mechanical testing under actuation torques
The stiffness behavior of the FishBAC under actuation torques was experimentally quantified. Torque loads simulating the effect of an actuation system were applied to the tendon spooling pulley, and the resulting morphed shapes of the FishBAC were measured with a laser displacement sensor mounted to a stepper motor driven linear stage aligned with the airfoil chord. This allowed for validation of the structural model predictions of the chordwise distribution of displacement under various levels of torque, and for actuation energy requirements for the structure to be determined.
The experimental apparatus developed for this testing is shown in Figure 6 . Here it can be seen that the morphing trailing edge section of the demonstrator has been removed from the leading edge portion. Aluminum plates have been bolted to the top and bottom of the section and a block of wood placed in between to allow for clamping the assembly to the benchtop. An aluminum pulley with a working radius of 24.8 mm was mounted to the spooling pulley shaft. High strength Ultra High Molecular Weight Polyethylene (UHMWPE) cordage was anchored to the pulley and wrapped around such that masses could be suspended at the known moment arm, creating a constant torque independent of spooling pulley rotation. A 500N load cell (Omega, LCMFD-500) was placed in series with the cordage to measure the force created by the suspended masses. A laser displacement sensor (MTI Instruments, LTC-300-200-SA) was mounted to a linear stage (Velmex, XSlide) driven by a lead screw and stepper motor. The linear stage was cantilevered above the FishBAC section from a steel sub-structure allowing it to scan along the chord measuring distance. An initial sweep with no applied torque gave the undeformed (T = 0 Nm) distances, which were subtracted from the measured distances for each torque load, producing the chordwise distribution of deformation. A close up view of the pulley and load cable is provided in Figure 7 . A short section of aluminum bar was also mounted to the pulley to allow for attachment of an angle sensor during portions of the testing. The torque created by the bar and angle sensor (when installed) was subtracted from the applied torque to provide the net torque on the spooling pulley. Note in this figure that the lower skin surface has not buckled, despite a sizeable downwards camber deformation. This indicates that the pre-tensioning of the skin is working as desired.
The UHMWPE cord was first wrapped around the pulley in a clockwise fashion to produce positive torques and downwards morphing of the FishBAC. A total of 8 torque levels were applied and 128 laser sensor measurements were made, the results of which are shown in Figure 8 . Here, the different colored lines show the deflected shapes predicted by the structural model, and the circles show the laser sensor measurements. The T = 0 Nm torque case is not shown as the deflections are zero along the entire chord for both experiment and analysis. Note also that laser sensor data was taken at several points over the non-morphing portion of the airfoil (x r < 0.75). This was done to ensure that the entire specimen wasn"t moving under load. The results show no measureable movement in these points over the torque range, indicating the clamping method used successfully immobilized the base of the FishBAC. It can be seen in the case of the flap down morphing that the structural analysis code is able to predict the deflected shape with a high degree of accuracy over a wide range of applied torques. This implies that the distribution of stiffness along the chord is correctly captured. The experimentally measured torques were input directly as spooling pulley torques into the structural model, indicating that the kinematics of the generating of tip bending moment by the tendon system are modeled correctly, and that any unmodeled friction effects present between the tendons and the compliant core structure (specifically at the orifices in the stringers through which the tendons travel) do not reduce the performance of the system to a measurable degree.
The next experiment characterized the deformations of the FishBAC when flapping upwards. The winding direction of the cordage was reversed such that it left the pulley on the opposite side, thereby producing negative torques and upwards deformation of the compliant FishBAC structure. In this case 6 different torque levels were applied and 96 laser sensor measurements were taken. The accuracy of the structural model is similarly very good for negative applied torques, further indicating the applicability of the modeling techniques employed, even for the very aggressive camber changes and large bending deflections seen with this short chord length morphing section. Furthermore, this is the first time that the chordwise distribution of deformation has been recorded with a FishBAC, as previous work on larger percent chord configurations looked only at tip displacement. These tests show that the model is good at capturing not just the overall global behavior, but the local distributions as well. Future work will be looking into optimizing the stiffness distribution of the FishBAC to maximize the aerodynamic performance, and will require a model capable of capturing the effects of changing chordwise distributions of flexural rigidity on the resulting deformed shape. These experiments show that the current method is likely to be well suited.
B. Actuation Energy
The second structural aspect investigated here pertains to the energy required to morph the structure. It is useful within the context of understanding system level performance of this FishBAC demonstrator to consider the actuation energy required to overcome the stiffness of the compliant structure. This energy requirement, along with the specific levels of torque required, will govern the size and configuration of the actuation system used. Generally speaking, the size and mass of the actuator will scale with the energy required. It is therefore important to be able to model and account for this energy. Furthermore, the impact of the tensioned antagonistic tendon system has not yet been shown experimentally. Given the presence of sliding motion, and therefore friction, between the tendons and stringers, and the hysteresis present in the elastomeric skin, it is possible that friction effects will be present that will increase energy requirements.
To measure energy, the torque versus rotation angle requirements must be integrated. These two parameters were experimentally measured using the apparatus in Figure 6 with the addition of a clinometer type angle sensor mounted to the aluminum bar extending from the pulley. The relationship between applied torque and pulley rotation is shown in Figure 10 . Note that the response is fairly linear in the case of the experiment, which matched the linear behavior of the structural model. It can also be seen that the differences between experiment and analysis are generally small. The curve shown is for positive applied torques; the behavior for negative torque is nearly identical except for the switched signs.
Figure 10. Actuation torque versus spooling pulley rotation
By integrating the torque over the rotation angle (in radians), the mechanical energy put into the structure to deform it can be found. As seen in Figure 11 , the linear torque behavior leads to a quadratic increase in energy requirements with increasing rotation, as is typical for linear spring systems. The agreement between experiment and analysis is still quite good, although due to the effects of integration, the error between the two continually grows with rotation, whereas the torque results in Figure 10 showed better agreement at the lower and upper extents of the angle range, with slightly more error towards the center of the range. A total of 0.41 Nm of energy is required to deflect the FishBAC to a tip deflection of 23 mm. This corresponds to an actuation requirement of 2.73 Nm/m of span, which is generally quite low.
Figure 11. Actuation energy versus spooling pulley rotation
The structural model has been shown to provide good predictions of FishBAC actuation requirements. This indicates that it is effective for use in system level design analysis, and in component level design optimization. Previously published and ongoing work into multi-objective optimization of the FishBAC structure with genetic algorithms uses actuation energy requirement predictions from the model as an objective to be minimized. 5 These results show that the quick running, low-fidelity structural model developed provides a sufficiently accurate prediction for these purposes.
C. Efficacy of non-backdriveable mechanism
The final round of testing was aimed at measuring the increase in stiffness under external loading which was theorized to be available with a non-backdriveable mechanism. While the potential to use a non-backdriveable mechanism with the antagonistic tendon system has been part of the FishBAC concept since its original introduction, 1 the efficacy of this approach has to date not been shown. The intention is that if the rotation of the spooling pulley can be locked, either through use of a one-directional (i.e. non-backdriveable) mechanism or through physically clamping the output shaft, then the extensional stiffness of the tendons will allow them to add to the bending stiffness of the structure, creating an additional form of stiffness which does not require increased actuation energy input to overcome during morphing. This stiffness non-linearity can be thought of as an increase in "external" stiffness without increasing "internal" stiffness.
In order to experimentally verify this hypothesis, the FishBAC test article was again clamped to the benchtop. This time however, load was applied externally using a height gauge to impose a uniform tip displacement, as seen in Figure 12 . Note that a spreader bar is used to apply a constant vertical deformation along the span. The amout of force required to hold a given tip displacement was measured by a load cell mounted between the height gauge and the spreader bar. For practial reasons, the displacments could not be applied at the extreme trailing edge, and so a point slightly inboard (x = 0.97) was instead chosen.
Figure 12. Tip loading apparatus
A range of displacements were applied to the FishBAC with the spooling pulley shaft free to rotate, and the resulting forces were recorded. The experiment was then repeated with the shaft clamped in a vise (Figure 13 ) to create a locked tendon case, simulating the action of a non-backdriveable mechanism.
Figure 13. Tip load test with spooling pulley shaft clamped in vise
The resulting change in stiffness between the free and clamped shaft cases can be seen in Figure 14 . In both cases the structural response is fairly linear, although there are some mild non-linear effects in the shaft free case. Of particular importance here is the significant change in stiffness obtained by locking the tendons. By fitting linear regressions to the experimental data, an increase in stiffness of 35.5% is seen. This shows, for the first time, that the tendons are able to contribute to the stiffness of the FishBAC under external loading in a significant way. The results of the previous tests shown above have already established that the tendons do not measurably increase the energy requirements to deform the structure, indicating their effect on the "internal" stiffness is negligible.
Figure 14. Increase in external stiffness achievable with non-backdriveable mechanism
This test therefore proves the original hypothesis that locking the tendons, which would be realized in practice through a non-backdriveable mechanism, is in fact a meaningful way to help address one of the fundamental issues related to morphing aircraft; the conflicting demands for low structural stiffness to minimize actuation energy requirements and high structural stiffness to avoid problems with aeroelasticity and control. By creating a structure which has an "internal" stiffness which is different to and lower than its "external" stiffness, the direct conflict between these concerns has been removed. Further development of this component of the FishBAC concept should allow for larger differences in the stiffness of the tendon free and tendon locked states, potentially resulting in lower actuation energy requirements and better resistance to external loading.
V. Conclusions
This work has presented a series of characterization tests on a full scale prototype of the Fish Bone Active Camber morphing airfoil concept. The test article created incorporates for the first time a tensioned antagonistic tendon drive system, and has a substantially smaller percent chord available for morphing than previous prototypes. The ability of an existing analytical structural model to capture the effects of these changes was unknown, and so experimental validation was carried out. The chordwise distribution of bending deformations under a wide range of applied actuation torque loading was measured with a laser sensor. The structural model was found to provide excellent prediction of the deformed shapes for both flap up and flap down motions despite large deformations being achieved. Further testing quantified the actuation energy requirements of the prototype, and again comparison to analysis showed good agreement, and the measured energy requirements were low. The final round of testing investigated the effect of locking the tendon spooling pulley on external bending stiffness. This test implemented for the first time the effect of the non-backdriveable mechanism component of the original FishBAC concept. An increase in stiffness of 35% was experimentally observed, indicating that this component could make a meaningful contribution to the effectiveness of the FishBAC concept.
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